Introduction
HIV infection is associated with an increased risk of both arterial and venous thrombosis. [1] [2] [3] [4] [5] [6] As the efficacy of highly active antiretroviral therapy (HAART) improves and patients with HIV infection live longer, cardiovascular disease is increasing in prevalence in this population. [7] [8] [9] [10] [11] Recently, the Strategies for Management of Anti-Retroviral Therapy (SMART) study compared the efficacy of CD4 ϩ T cell-guided interruption of HAART with continuous therapy and found that overall mortality, including deaths related to cardiovascular events, was significantly higher in the patient group randomized to receive intermittent therapy. 12 Independent predictors of mortality in the entire study included plasma levels of the proinflammatory cytokine interleukin-6 (IL-6) and D-dimer products of fibrinolysis. 13 We and others have found increased levels of microbial products in the plasma of HIV-infected persons. [14] [15] [16] High levels of bacterial lipopolysaccharide (LPS) and bacterial DNA were correlated directly with indices of immune activation and inversely with CD4 ϩ T-cell restoration after administration of HAART. 14, 16 Moreover, in vitro exposure to Toll-like receptor (TLR) ligands drove T-cell activation and turnover. 17, 18 Taken together, these data suggest that heightened systemic translocation of microbial products from the damaged gut might drive immune activation and contribute to the pathogenesis of immune deficiency in chronic HIV infection.
Certain microbial TLR ligands, such as LPS, can also increase surface expression of the procoagulant, tissue factor (TF, also known as thromboplastin) on circulating blood monocytes. 19 TF expression on monocytes promotes coagulation, as demonstrated by the catastrophic thrombosis that can occur after infusion of TF ϩ monocytes in rabbit and canine models. 20 Here, we confirmed the effects of the bacterial TLR ligands LPS and flagellin on induction of monocyte TF expression in vitro. This effect was not mediated through induction of IL-6, as direct addition of this cytokine tended to decrease slightly monocyte TF expression.
We also found dramatically higher frequencies of monocytes expressing TF in fresh blood samples from HIV-infected persons than in samples from uninfected controls. The frequency of TF ϩ monocytes correlated significantly with markers of immune activation that are known predictors of disease progression in HIV infection. TF expression correlated both with plasma levels of HIV RNA and with soluble CD14 (sCD14), the LPS receptor that is released by monocytes after LPS stimulation in vivo. 14, 21 Finally, the in vivo biologic activity of monocyte TF expression was suggested by a correlation with plasma levels of D-dimers. These findings suggest that a variety of microbial products, including those derived from HIV itself, and perhaps bacterial products translocated from the damaged gut in chronic HIV infection, may contribute to a heightened risk for clotting and cardiovascular disease in HIV infection by increasing cell surface expression of the procoagulant, TF.
Methods

Cell preparation and incubation
These studies were performed with the approval of the Institutional Review Board at Case Western Reserve University/University Hospitals of Cleveland. After informed consent was obtained in accordance with the Declaration of Helsinki, blood from 19 healthy donors and 60 HIV-infected patients was drawn into either heparin-or ethylenediaminetetraacetic acid-coated tubes. Peripheral blood mononuclear cells were isolated over a FicollHypaque cushion. Whole blood (20 L) was incubated in 15-mL Falcon tubes for 3 hours with individual TLR ligands or cytokines. LPSs (from Escherichia coli) and flagellin (from Salmonella typhimurium) were purchased from Invivogen. IL-6 was purchased from R&D Systems.
Flow cytometry
Cell surface molecule expression was monitored by staining cells with the following fluorochrome-labeled antibodies: anti-TF fluorescein isocyanate (American Diagnostica), anti-CD14 peridinin chlorophyll protein, anti-HLA-DR fluorescein isocyanate, anti-CD38 phycoerytherin, anti-CD8 allophycocyanin-cy7, anti-CD4 Pacific Blue, anti-CD3 allophycocyanin, and appropriate isotype control monoclonal antibodies (BD Biosciences PharMingen). Whole-blood samples were incubated for 15 minutes on ice with FACS Lyse buffer (BD Biosciences) and then washed in wash buffer (phosphate-buffered saline with 1% bovine serum albumin and 0.1% sodium azide). Cells were then stained for 15 minutes in the dark on ice and then washed in wash buffer, fixed in 1% formaldehyde, and analyzed using an LSRII flow cytometer (BD Biosciences). FACSDiva (Version 6.1.1, BD Biosciences) and Prism 5.0 (GraphPad) software were used to organize and analyze the data. Cell types were identified by size, granularity, and positive expression of surface markers; CD14 for monocytes, CD3 and either CD4 or CD8 for T cells.
Measurement of TF activity in plasma
Fresh whole-blood samples were collected in trisodium citrate-containing tubes and were centrifuged for 10 minutes at 1000g. The plasma was then removed and frozen at Ϫ80°C until thawed once and analyzed in batch. Levels of TF activity were measured by the Actichrome TF kit (American Diagnostica).
Measurement of D-dimers and sCD14 in plasma
Fresh whole-blood samples collected in ethylenediaminetetraacetic acidcontaining tubes and were centrifuged for 10 minutes at 495g, and plasma was then removed and frozen at Ϫ80°C until thawed once and then analyzed in batch. Levels of D-dimers were measured using the Asserachrom D-DI immunoassay (Diagnostica Stago). sCD14 levels were measured using the Quantikine sCD14 kit (R&D Systems).
Statistical methods
We used conventional measures of central tendency and spread to describe the data. We tested variables of interest for normality using both the Kolmogorov-Smirnoff test with the Lilliefors correction and the ShapiroWilk test, and rejected the hypothesis of normality if either test was significant. We tested pairwise comparisons of independent groups with the Mann-Whitney U test, and comparisons of more than 2 groups with the Kruskal-Wallis H test. We used the Wilcoxon signed-ranks test and Friedman test to compare pairs and more than 2 groups of related observations, respectively. To correct for multiple pairwise comparisons within a given dimension (eg, comparisons of TF expression in response to various stimuli to unstimulated TF expression), we used the HolmBonferroni correction. We tested associations between pairs of continuous variables with Spearman rank correlation. We processed the analyses using SPSS Version 16.02 (SPSS Inc) and Stata MP Version 10.1 (Stata Corp). All tests are 2-sided. A P value of .05 or less was considered significant, with the exception of tests within a family of multiple comparisons.
Results
Exposure of human monocytes to bacterial LPS and flagellin, but not to IL-6, increases surface expression of the procoagulant TF
Freshly obtained whole-blood samples obtained from HIVuninfected controls were cultured for 3 hours at 37°C, either unstimulated, or in the presence of individual TLR ligands or cytokines. Cell surface expression of TF was measured by flow cytometry on CD14 ϩ monocytes ( Figure 1 ). Both expression levels and proportions of monocytes expressing TF were increased significantly in samples exposed to the TLR-4 ligand LPS (n ϭ 9) and to the TLR 5 ligand flagellin (n ϭ 9). These effects were not probably mediated through IL-6 induction as samples exposed to IL-6 (n ϭ 6) tended to decrease TF expression.
Monocyte surface expression of TF is increased in persons with HIV infection
As we had found earlier that HIV-infected persons have high plasma levels of microbial products, and having demonstrated that certain microbial TLR ligands could increase monocyte surface expression of TF in vitro, we next designed a series of experiments to ascertain if sustained exposure to circulating microbial products, such as is seen in chronic HIV infection, might result in heightened monocyte expression of TF in vivo. To address this, we first examined the expression of TF on monocytes freshly obtained from persons with HIV infection and from uninfected controls. The uninfected population was composed of 11 males and 8 females with a median age of 37 years. The HIV-infected population was divided into 2 groups based on levels of plasma viremia. Of the 28 patients with plasma viremia greater than 400 copies/mL of HIV RNA, there were 17 males, 8 females, and the sex of 3 is unknown. Of the identified patients the median age was 42 years, and the median time since HIV ϩ diagnosis was 7.5 years, with 13 of these patients on HAART. Among the 32 patients with fewer than 400 copies/mL of HIV RNA, 21 were male, 9 were female, and the sex of 2 patients was not known. The median age of the 30 patients was 44 years; the median time since HIV ϩ diagnosis was 9.5 years. At the time of blood draw, 3 patients had concurrent infections (2 from the controlled viremia group, cellulitis and bronchitis, and 1 from the uncontrolled viremia group with an upper respiratory infection). Among the uninfected controls, the median [interquartile range] percentage of monocytes expressing surface TF (11% [8.5%-13.9%], n ϭ 19) was significantly lower than the median percentages of TF ϩ monocytes in both the viremic (HIV RNA Ͼ 400 copies/mL) and aviremic (HIV RNA Ͻ 400 copies/mL) HIV-infected patients (45.4% [32%-66.2%], n ϭ 28; and 26.8% [22.7%-35 .8%], n ϭ 32, respectively, P Ͻ .001 for each comparison, Figure 2A-B) . Levels of bioactive TF were measured in plasma samples from a subset of our patients (n ϭ 28) and controls (n ϭ 8); patient samples had much higher levels of TF than did samples of controls (median levels of plasma TF were 55pM and Ͻ 2pM, respectively, P Ͻ .001; Figure 2C ).
Monocyte TF expression correlates directly with markers of immune activation
Immune activation is a recognized predictor of HIV disease progression, and we had demonstrated earlier that indices of immune activation (specifically expression of CD38 and/or HLA-DR on T cells) correlate strongly with levels of microbial products (LPS and bacterial DNA) in plasma. 14, 16 We therefore examined the relationship between coexpression of CD38 and HLA-DR on CD8 ϩ T cells, and expression of TF on circulating monocytes. In samples from HIV-infected patients, these markers of immune activation correlated strongly with TF expression (r ϭ 0.61, P Ͻ .001; Figure 2D ).
Indices of immune activation in HIV infection are linked both to the magnitude of HIV replication 22, 23 and to levels of microbial products in plasma. 14, 16 Because we found a significant relationship between monocyte surface TF expression and indices of immune activation, and because we found the highest TF expression on monocytes of persons with uncontrolled viremia (Figure 2B ), we next asked if TF expression was related to plasma HIV RNA levels or with the stage of disease as reflected in CD4 ϩ T-cell counts. Among all HIV-infected subjects, there was a relationship between the magnitude of viremia and the percentage of monocytes expressing TF (r ϭ 0.57, P Ͻ .001; Figure 3A) ; this relationship disappeared when only persons with detectable viremia were examined (r ϭ 0.08, P ϭ .68). There was also a weak negative correlation between monocyte TF expression and CD4 ϩ T-cell count among all HIV ϩ subjects (r ϭ Ϫ0.32, P ϭ .014, Figure 3B ).
Circulating CD14, a marker of microbial translocation, correlates directly with the proportion of monocytes expressing TF in HIV infection
To ascertain whether circulating bacterial products might play a role in the monocyte expression of TF, we measured plasma levels of sCD14, an LPS coreceptor that is shed by monocytes and macrophages after LPS binding in vivo. 14,21 sCD14 levels were significantly higher in the plasma of HIV-infected persons (median [interquartile range] ϭ 1908 [1514-2396] ng/mL, n ϭ 46) than in the plasma of uninfected controls (1240 [1029-1598] ng/mL, n ϭ 18, P Ͻ .001, Figure 4A ). The proportion of monocytes expressing TF and levels of plasma sCD14 were directly related when data from all subjects were examined (r ϭ 0.51, P Ͻ .001, Figure 4B ). In addition, among patients with uncontrolled HIV replication wherein plasma HIV RNA levels did not correlate with TF expression, the proportions of monocytes expressing detectable TF correlated directly with levels of sCD14 (r ϭ 0.44, P ϭ .042, n ϭ 22, Figure 4C ). Thus, in HIV-infected persons with uncontrolled viremia, monocyte expression of TF does not correlate with the magnitude of HIV replication but does correlate with a marker of in vivo binding of bacterial LPS to its cellular receptors. Figure 5A ). In all subjects, there was a significant positive correlation between plasma levels of D-dimers and the proportion of monocytes expressing TF (r ϭ 0.37, P ϭ .007, Figure 5B ). This association persisted in the HIV-infected group, although in this subgroup it was only marginally significant. (r ϭ 0.31, P ϭ .06, n ϭ 38). Thus, increased TF expression on circulating monocytes was related to in vivo evidence of activation of clotting factors and fibrinolysis.
Discussion
HIV infection has been associated in some, but not all, studies with an increased risk of cardiovascular disease; potential mechanisms for this are, however, not fully understood. 1, [3] [4] [5] [6] As current HAART strategies are prolonging life and as the HIV-infected population ages, an increasing occurrence of cardiovascular complications is nonetheless anticipated. The SMART study findings linking cardiovascular and all-cause mortalities to indices of inflammation and coagulation 13 allowed us to explore a model that could link our recent demonstration of heightened microbial translocation in chronic HIV infection [14] [15] [16] to inflammation and coagulation and, hence, to cardiovascular risk. Here, we have found that monocytes analyzed directly ex vivo from HIV-infected persons more often express detectable TF on their cell surfaces than do monocytes from uninfected controls. As others also have shown, monocyte expression of TF is induced by exposure to bacterial TLR ligands that activate monocytes directly. 24, 25 Although we did not attempt to measure increased TF activity on monocytes directly, we are able to demonstrate that plasma samples from HIV-infected patients contain higher levels of bioactive TF than do samples from controls. Moreover, the relevance of increased TF expression in HIV infection is underscored by the high levels of D-dimers in plasmas and the correlation between TF expression and D-dimer levels. Thus, high levels of TF probably contribute to an increased coagulation tendency in chronic HIV infection.
TF initiates the coagulation cascade in vivo by binding factor VII, cleaving it to its active form, factor VIIa, and stabilizing it in an open conformation, increasing its catalytic activity as a serine protease. 26 Factor VIIa can then activate factor X to factor Xa, which, in the presence of its cofactor, factor Va, activates thrombin. 164
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Thrombin feeds back on its own generation and cleaves fibrinogen to fibrin to form a stable clot. 27, 28 TF is expressed on a variety of surfaces, including those of platelets, damaged endothelium, and monocytes, and there is a clear linkage between cellular TF expression and clotting. 29, 30 TF may help to drive the coagulopathy seen in infectious inflammatory processes, such as sepsis, as administration of monoclonal antibodies that block TF can reduce mortality of endotoxemia in animal models. 31, 32 We propose that monocytes, activated directly by microbial products translocated through the damaged gut, 14 or through indirect mechanisms that may involve activation of TLRs 7/8 by HIV RNAs, 18 increase surface expression of TF, and thereby contribute to an increased tendency to coagulation, especially within atheromatous plaques that typically are enriched with activated monocytes and macrophages. 30 Increased monocyte expression of TF has been linked to myocardial infarction as well as to both chronic-stable and unstable angina. 33 Thus, increased expression of TF on peripheral blood monocytes is a potential indicator of cardiovascular disease risk and may contribute directly to clot formation and thrombosis in vivo. 19, [34] [35] [36] There is increasing concern that poorly controlled HIV infection may increase risks for cardiovascular morbidity. 9, 10 Patients who underwent antiretroviral treatment interruptions in the SMART study had an increased risk of cardiovascular and other mortalities compared with outcomes in patients receiving continuous antiretroviral therapy. 13 These risks were predicted both by increased levels of the proinflammatory cytokine, IL-6, and by plasma levels of D-dimers, suggesting that inflammation and coagulation were contributors.
Here, we link these observations in a model wherein stage of disease, as measured by levels of HIV replication, immune activation, and CD4 ϩ T-cell counts predict monocyte TF expression. The increased levels of inflammation, immune activation, and expression of TF may be driven, at least in part, by HIV replication, as well as by translocation of microbial products from the damaged gut, resulting in an increased tendency for coagulation. We have shown earlier that persons with uncontrolled HIV infection have elevated plasma levels of bacterial products, such as LPS and bacterial DNAs, and that plasma levels of these TLR ligands can be lowered (but not normalized) by effective control of viral replication. 14, 16 In the present work, we find that plasma levels of HIV RNA correlate with monocyte TF expression in examining all patients, but not when persons with uncontrolled viremia are examined separately. Although we did not measure directly the levels of LPS in the plasma of our HIV-1-infected patients, a marker of microbial translocation (ie, the soluble LPS receptor CD14), seems to correlate better with monocyte expression of TF than does plasma viremia. CD14 is shed from monocytes after LPS binding and previous work by our group and by others has shown that plasma LPS levels and sCD14 levels are directly related. 14, 21 Thus, our data are compatible with a model wherein systemic exposure to translocated bacterial products, related to the stage of disease, increases monocyte expression of TF. The modest correlation with sCD14 levels is not surprising as we have also found increased levels of bacterial peptidoglycan (J.M.B., unpublished data, April 2007) and bacterial DNAs in plasmas of HIV-infected persons that would not be reflected in sCD14 levels. Thus, we suspect that a variety of bacterial TLR ligands, such as peptidoglycans, LPS, and flagellins, are translocated through the damaged gut in chronic HIV infection and may drive immune activation and monocyte TF expression in this setting. Interestingly, although IL-6 expression can be induced by LPS and flagellin in vitro (data not shown), and the plasma level of IL-6 was an independent predictor of mortality in the SMART study, 13 IL-6 does not seem to be on the causal pathway of TF induction by microbial products. We propose that HIV replication and systemic translocation of microbial products from the damaged gut, and the subsequent immune activation, contribute to a procoagulant state in HIV-infected patients that is due, at least in part, to increased surface expression of TF on circulating monocytes. 
